d Ammonia-oxidizing bacteria (AOB) and archaea (AOA) were quantified in the sediments and roots of dominant macrophytes in eight neutral to alkaline coastal wetlands. The AOA dominated in most samples, but the bacterial-to-archaeal amoA gene ratios increased with increasing ammonium levels and pH in the sediments. For all plant species, the ratios increased on the root surface relative to the adjacent bulk sediment. This suggests that root surfaces in these environments provide conditions favoring enrichment of AOB. N itrification is a critical process for nitrogen retention in coastal wetlands, which are important transition zones between marine and terrestrial environments. Nitrification rates are commonly higher in the rhizosphere of macrophytes than in the bulk sediment (16, 24) , suggesting that nitrifiers are stimulated by rhizosphere conditions of wetland plants. Ammonia oxidation, the first and rate-limiting step in nitrification, is performed by ammonia-oxidizing bacteria (AOB) and archaea (AOA). For freshwater macrophytes, plant-specific differences in the composition and abundance of AOB and AOA have been described both in the rhizosphere (11, 12) and on the epiphyton of submerged shoots (4, 9). The AOA generally outcompete AOB at low ammonia concentrations (10, 13, 14, 26, 29, 30) . Also, root exudates may play a role in the relative distribution of AOB and AOA, even though ammonia oxidation is mainly considered an autotrophic process, as mixotrophy at the expense of pyruvate has been proven for a soil AOA isolate (15, 22, 30) . Aquatic macrophytes such as Phragmites australis can release up to 70 mg of dissolved organic carbon g Ϫ1 (root wet weight) day Ϫ1 (31) and may include organic compounds that are needed for AOA dependent on mixotrophy.
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Despite the importance of coastal wetlands as nutrient filters, little is known about ammonia oxidizers in these environments. However, based on the above-referenced findings and the fact that AOA dominate marine systems (6, 7), our hypothesis is that AOA are important in coastal wetlands and in particular in the rhizosphere of macrophytes. Our aim was to quantify the relative abundance of AOA and AOB and measure the potential nitrification rates in the sediment and at the root surface of the dominant macrophytes in coastal lagoons to determine if the two groups are differently favored due to their potential interactions with plants. All environments were slightly to moderately alkaline (pH 7.2 to 9.9) and were environments poorly studied in terms of AOB and AOA abundance in plant-associated microbial communities. Samples were obtained from eight coastal lagoons located in two protected areas in Spain with different climatic conditions, covering broad variations in salinity and eutrophication levels.
At the Empordà and Baix Ter wetlands (42°14=N, 3°06=E) (2, 19, 23) , two oligohaline lagoons, Ter Vell (TV) and Basses d'en Coll (BC), and two euhaline lagoons, Fra Ramon (FR) and Túries (TU), were sampled. The Doñana National Park (37°01=N, 6°25=W) is located in an arid area with a climatic influence of the Atlantic Ocean and proximity to Africa. Here, two peridunal lagoons, Santa Olalla (SO) and Laguna Dulce (LD), and two salt marshes, Lucio del Cangrejo (LC) and Algaida (AL), were sampled.
For DNA extraction, areas of mono-specific stands of the dominant plant species, Phragmites australis (in BC, LC, and TV), Ruppia maritima (in AL), Ruppia cirrhosa (in FR and TU), and Paspalum distichum (in SO and LD), and the adjacent bulk sediment in each lagoon were sampled in January (non-growing season) and May 2007 (growing season), except for TU and AL, which were sampled only in May (see the descriptions in the supplemental material). Water characteristics at the sampling sites were determined using standard methods (see the supplemental material).
The lagoons differed according to salinity, nutrient content, and dominance of specific plant species (see Table S1 in the supplemental material). The potential nitrification rate (PNR) was measured according to the methods described by Ruiz-Rueda et al. (24) and correlated positively with the N-NO 3 Ϫ (Kendall's r, 0.31; P Ͻ 0.001) and N-NH 4 ϩ (r, 0.21; P Ͻ 0.05) concentrations and negatively with pH (r, Ϫ0.20; P Ͻ 0.05). These results agreed with those obtained in natural or constructed freshwater systems (24) . The rhizospheres had higher PNRs than the bulk sediments, although differences (Welch test, P Ͻ 0.05) were only significant in Basses d'en Coll and Ter Vell during January and Lucio del Cangrejo in May (Table 1) . These lagoons were dominated by Phragmites australis, which has been shown to support high nitrification activity (24) .
The 16S rRNA genes of Bacteria and Crenarchaeota and the amoA genes coding for the bacterial and archaeal ammonia mo-nooxygenases were quantified in sediment and rhizosphere samples as described previously (33, 35) . No relationship was found between amoA gene abundances and PNR when both root and sediment samples were considered together. However, when sediment and root samples were analyzed separately, a positive correlation between PNR and archaeal amoA (AamoA) gene abundance on roots (r, 0.33; P Ͻ 0.05) was established, with high activity and high abundance of AOA in Phragmites australis. This indicated that AOA contribute to nitrification at the root surfaces in these lagoons, but the contribution of bacterial ammonia oxidizers cannot be excluded. With an estimation of AOB and AOA cell densities from gene abundance levels (Table 2) and assuming a mean value of 2.5 and 1 amoA gene copies per genome, respectively (3, 17, 18, 34) , the expected AOB abundance on the root surface varied from 1.4 ϫ 10 6 to 1.9 ϫ 10 8 cells, which could easily account for the observed PNRs (8, 20) .
The total bacterial community outnumbered the crenarchaeota, but the AOA were more abundant than the AOB in nearly all samples ( Table 2 ). The exceptions were the roots of P. distichum in Laguna Dulce and Santa Olalla and Ruppia maritima in Algaida, where the two groups were equally abundant ( Table 2 ; Fig. 1 ). When we compared the abundance of bacterial amoA genes in the rhizosphere and the corresponding sediment, the gene copy numbers in the rhizospheres were significantly higher (P Ͻ 0.05) in all lagoons at both sampling occasions, except in Lucio del Cangrejo in January and Laguna Dulce in May (Table 2) . For the AOA, a similar pattern was observed in the Empordà samples, whereas it was lagoon dependent in the Doñana. Bacterialto-archaeal amoA gene ratios (BamoA/AamoA) were calculated as indicators of the relative dominance of one or the other group (Fig. 1) . The BamoA/AamoA ratios were significantly higher (P Ͻ 0.05) on root surfaces than in the corresponding sediment in five of the eight sampled lagoons. These findings are in contrast with our hypothesis and previous studies, in which the rhizosphere and root surfaces of freshwater macrophytes strongly favored the development of AOA over AOB (11, 12) . However, it was recently shown that macroalgal surfaces in marine systems harbor a higher abundance of AOB than AOA (33) . This indicates that the presence of plants or specific plant species alone cannot account for the relative differences of one or the other group of ammonia oxidizers.
Several factors have to be considered to explain the either increased or equal proportion of AOB to AOA in the rhizospheres compared to the adjacent sediments. Different responses of AOA and AOB populations have been reported in relation to oxygen availability in estuarine sediments (1, 32) . In those studies, the bacterial amoA gene transcripts increased significantly at higher dissolved oxygen concentrations, whereas the number of amoA archaea transcripts remained unchanged. Oxygen diffusion rates were not measured in our samples, but Ruppia maritima and Phragmites australis have been reported to have high radial oxygen losses at the root surface that may vary from 48 to 144 mg O 2 g Ϫ1 (dry weight) day Ϫ1 and from 15 to 31 mg O 2 g Ϫ1 (dry weight) day Ϫ1 , respectively (27, 28) . Interestingly, although not significant, BamoA/AamoA ratios were slightly higher on the root surface of Ruppia sp., especially in Algaida. One can also speculate that increased CO 2 levels due to increased respiration activity in the rhizosphere potentially favor autotrophic ammonia oxidizers, which could affect the AOB:AOA ratio if mixotrophy were more common among AOA. Other factors known to affect AOA and AOB are pH and ammonia concentration (10, 14, 26) . To relate AOB and AOA abundances with these factors, only the bulk sediments were compared, to avoid any confounding root effects (Fig. 2) . The BamoA/AamoA ratios were low in environments with low ammonium concentrations and a pH between 7 and 7.5. Positive correlations showed an increased proportion of bacterial amoA genes with alkaline pH and high ammonium concentrations in both freshwater and saline lagoons. pH and ammonium concentration were the only variables that followed a stepwise linear regression model (r 2 , 0.382; P ϭ 0.018) and a Values are means Ϯ standard errors (n ϭ 2 for January and n ϭ 3 for May samples). Significant differences between the rhizosphere and bulk sediment (P Ͻ 0.05) are marked with an asterisk.
significantly contributed to the observed differences. The BamoA/ AamoA ratios compared well with previous results obtained in alkaline sandy loam soils (pH 8.4) (25), but they were much higher than those reported for wetland sediments at neutral pH (12) . In agreement with our results, increased ammonium supply has been shown to decrease the relative abundance of AOA and their activity (5, 13, 14, 21).
In conclusion, macrophytes in coastal wetlands increased the abundance of both total bacteria and crenarchaeota as well as ammonia oxidizers, compared to levels in nonvegetated sediments. However, the plants tended to select for AOB over AOA in the rhizosphere compared to the adjacent sediment in our moderately alkaline lagoons. Maximum relative densities of AOB were found on root surfaces of Paspalum distichum. Reported differences in plant physiology, such as oxygen release rate, could potentially explain differences in the bacterial and archaeal amoA gene ratios. Further research should focus on niche differentiation between ammonia-oxidizing bacteria and archaea with respect to plant physiology in alkaline environments.
